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Summan; Testis cancer cells are more sensitixe than bladder and most other cancer cells to chemotherapeutic
drugs both in the clinic and in *itro. In this study s-e show- that they are also more sensitise than bladder
cancer cells to heat. Since heat and drug sensitivitv mav be related to the abilits of a cell to mount a stress
response. constitutive and induced levels of heat shock proteins (HSPs) in three testis and three bladder human
cancer cell lines were measured using Western blotting and scanning densitometrs. No correlation between
constitutive lesels of HSP 90 or HSP 73 72 and cellular heat sensitivitv w-as found Hoseser. HSP 27 levels
A-ere much lovwer in the testis tumour cells. suggesting that low- HSP 27 expression might contribute to heat
sensitivitv. Protein synthesis studies using [`Smethionine indicated that. for the same heat shocks, the kinetics
of syrnthesis and decay of HSP 90 and HSP 73 72 in 833K (the most heat sensitive testis cells) swas similar to or
greater than that in HT1376 (the most heat-resistant bladder cells). Both 833K and HT1376 developed
thermotolerance. and this follosed an increase in synthesis of HSPs. These results indicate that, although there
are differences in the constitutive levels of HSPs between testis and bladder cancer cells, both cell types are
capable of mounting an induced heat shock response and can develop a similar degree of thermotolerance.
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Testicular germ cell tumours. in contrast to most other types
of cancer. are venr sensitive to chemotherapeutic drugs. and
over 80% of patients are cured using cisplatin-based com-
bination chemotherapy (Peckham. 1988). Cisplatin is also the
most effective single agent used for the treatment of
advanced bladder cancer but. although cisplatin-based com-
bination chemotherapy achieves responses in 40-500 of
patients. remission durations are short and the cure rate is
close to zero (Tannock et al.. 1989: Seidman and Scher.
1991). We have demonstrated that testis tumour cell lines
retain their sensitivity to chemotherapeutic drugs in vitro
(Walker et al.. 1987: Masters et al.. 1993). When testis and
bladder cancer cell lines were exposed to cisplatin. similar
amounts of DNA damage were induced. indicating that the
differential sensitivity is related to events which follow cel-
lular damage. such as the stress response (Walker. 1990). Our
aim is to determine which molecular mechanisms are respon-
sible for the sensitiVity of testis tumour cells to drugs.
The involvement of heat shock proteins (HSPs) in protec-
ting cells from the adverse effects of heat and other
pathological stresses. such as exposure to ethanol. certain
heavy metals. L-v irradiation. oxygen free radicals and some
cases of viral infection. is well established (Craig. 1985: Lind-
quist and Craig. 1988: Morimoto et al.. 1990: Schlesinger et
al.. 1990: Welch. 1993). HSPs may also have a role in drug
resistance (Richards et al.. 1995). For example. cells with
elevated levels of HSP 70 (Li. 1985: Ciocca et al.. 1992; Lee
et al.. 1992) and HSP 27 (Huot et al.. 1990. 1991: Ciocca et
al.. 1992: Oesterreich et al.. 1993) are more resistant to some
drugs. such as doxorubicin. The mechanisms controlling
differential sensitivity to drugs and heat mav. therefore, over-
lap. The goal of this study was to determine whether the
sensitivity of testis tumour cells to heat and drugs is
associated with differences in constitutive and or induced
expression of HSPs.
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Materials and methods
Cell lines and culture conditions
The human testis tumour cell lines 833K (Bronson et al..
1980). GCT27 (Pera et al.. 1987) and GH (Lower et al..
1981) and the human bladder cancer cell lines HT1376
(Rasheed et al.. 1977). MGHU1 (Bubenick et al.. 1973) and
RT112 (Masters et al.. 1986) were all grown under identical
conditions as monolayers in tissue culture flasks (Nunc.
Gibco. Paisley. UK) in RPMI-1640 medium (Gibco) supp-
lemented with 5% (v v) heat-inactivated fetal calf serum
(FCS; Imperial. UK) and 2 mM L-glutamine (Gibco) at
36.5°C in a humidified atmosphere of 500 carbon dioxide in
air.
Colonv-forming assaYs.- heat sensitivitY and thermotolerance
For heat sensitivity expenments. exponentially growing cells
were harvested. The colony-forming efficiencies were 9.900 +
1.0% for 833K. 11.4% ±2.1% for GCT27. 7.8% ± 1.2% for
GH. 19.5% ± 3.2% for HT1376. 24.7% ±4.6% for RT112
and 24.6% ± 7.8% for MGHU1. The number of cells plated
was adjusted to produce approximately 200 colonies in each
control dish for all the cell lines. After 20 h incubation pre-
heated medium was added and the cells were incubated at
42'C or 45'C for intervals ranging from 0 to 24 h. The
temperature was controlled to within ± 0.2'C. After a further
12-14 days culture at 36.5'C. colonies were fixed and stained.
The number of colonies consisting of 50 or more cells was
determined and the percentage colony-forming efficiency
(CFE) of the heat-shocked cells calculated as a proportion of
the colony number in the appropriate control group. For each
assav. three Petri dishes were prepared for each time point and
assays were repeated at least three times.
For thermotolerance experiments. cells were given a priming
heat treatment of 42'C for 20 mn. 1 or 2 h. incubated for a
further -36 h at 36.5'C and then given a lethal heat shock
which reduced the CFE of the controls by 50-60%. For each
assav. three Petri dishes were prepared for each time point and
assays were repeated at least three times.Immunoblot analysis
Cells were harvested and lysed in buffer (40 mm Tris pH 6.8.
2% SDS and 10% glycerol. 5% frmercaptoethanol. 0.002%
bromophenol blue) on ice. Sample volumes from cell lysates
were adjusted so that the equivalent of 50000 cells (833K.
22.9 jg; GCT27. 27.9 jig; GH. 19 jg; HT1376. 13.8 ;Lg;
MGHU1, 13.8pg: RT112. 13.Ojg of protein) was loaded
and total cellular protein was separated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) using a
12.5% resolving gel and transferred to nitrocellulose Hy-
bond-ECL membranes (Amersham). Membranes were incu-
bated for 90 min at room temperature with either anti-HSP
90 (Stressgen SPA-840). anti-HSP 73 72 (Stressgen SPA-820)
or anti-HSP 72 (Stressgen SPA-810) monoclonal antibodies
[0.2jgm_m-' in phosphate-buffered saline,, bovine serum alb-
umin (PBS'BSA); Stressgen, UK], or an anti-HSP 27 monoc-
lonal antibody (1.0jigrml' in PBS/BSA; provided by Dr R
King, University of Surrey, UK), followed by horseradish
peroxidase (PO)-labelled rabbit anti-mouse or anti-rat anti-
bodies (diluted 1:35 000 in PBS BSA; Dako). The proteins
were visualised using an enhanced chemiluminescence detec-
tion system (Amersham, UK) used according to the instruc-
tions of the manufacturer, and ECL detection film (Amer-
sham). Proteins detected by Western blotting were sized using
SDS-PAGE molecular weight standards (Bio-Rad broad
range). Relative amounts of HSPs present in samples pro-
cessed on the same membrane were quantified by scanning
densitometry using a two-dimensional analysis program and
an LKB Ultroscan XL enhanced laser densitometer. To
estimate constitutive levels of HSPs, Western blotting was
repeated a minimum of three times using three independently
prepared sets of samples. Relative levels of HSPs in heat-
shocked cells were determined by blotting one set of samples
at least twice. Protein concentrations were measured in a
100ji aliquot of the cell lysate (taken prior to addition of
P-mercaptoethanol and bromophenol blue), using the bicin-
chonic assay (Pierce, Rockford, IL, USA).
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In relation to HSP 90, two observations were made (Table
I and Figure 2a). Firstly, the number of bands varied
between the cell lines; secondly, levels were higher in the
testis than in the bladder cancer cells. No correlation was
found, however, between the number of bands of HSP 90
present or the levels of this protein and cellular heat sen-
sitivity.
The constitutive form of HSP 70, HSP 73, was present in
all the cell lines, and the inducible form, HSP 72, was
detected in all cell lines except GCT27 (Figure 2b). The latter
result was confirmed using a monoclonal antibody specific
for HSP 72 (Figure 2c). The relative levels of HSP 72
detected in the various cell lines using the HSP 72-specific
antibody were different from those obtained using anti-HSP
73172; this may be due to differences in the nature or
availability of the epitopes recognised by these antibodies.
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Protein synthesis
Control and heat-shocked cells were washed three times with
methionine-free medium supplemented with 5% dialysed
FCS and 2 mM L-glutamine and incubated for 1 h at 36.5°C
in 1 ml of methionine-free medium containing 50jCi of
[35SJmethionine (ICN Flow, specific activity 37.67 TBq
m-'), washed and lysed as described above. To detect
newly synthesised proteins, equal numbers of cells (50 000)
were loaded and total cellular proteins separated by SDS-
polyacrylamide gel electrophoresis using a 15-cm-long, 12.5%
resolving gel and processed for autoradiography. To estimate
the relative increase in accumulated levels of HSPs in cells
following a heat shock. samples obtained from protein syn-
thesis experiments were processed for Western blotting and
analysed by scanning densitometry as described above. In
most cases the protein synthesis experiments were performed
once and each sample for Western blotting was processed at
least twice.
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Results
Heat sensitivity oftestis and bladder cancer cell lines
The testis cancer cell lines were more sensitive to heat than
the bladder cancer cell lines and a similar ranking of heat
sensitivities between the different cell types was observed at
42'C (Figure la) and 45°C (Figure lb).
Constitutive levels ofheat shock proteins
To determine if the inherent sensitivity of testis tumour cells
to heat and chemotherapeutic drugs is related to constitutive
HSP expression, Western blots of protein in lysates prepared
from non-heat-shocked cells were examined (Table I and
Figure 2).
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Figure I Heat sensitivity of three testis (V, GCT27; O. GH;
0. 833K) and three bladder (U, HT1376; *, MGHU1; A.
RT112) cancer cell lines determined by clonogenic assay. Cells
were heat shocked at 42 C (a) or 45°C (b) for various periods of
time and the percentage colony-forming efficiency determined
by reference to non-heat-shocked controls. Points represent the
mean of values obtained from three assays. All standard devia-
tions were below ± 15%.Heat shodc piroins in cancer cbs
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The total amount of HSP 73 plus HSP 72 varied widely. For
example. 833K contained relatively large amounts of HSP 73
and hardly any HSP 72 (Figure 2b and c). In contrast, GH,
with a similar heat sensitivity, contained almost equal
amounts of the two proteins and much less total HSP 73 plus
HSP 72 (Figure 2b and c). Similarly, despite the fact that GH
contained similar amounts and proportions of HSP 73 and
HSP 72 as MGHU1 (Figure 3b and c), the GH cells were
much more sensitive to heat. Thus, as for HSP 90, no
relationship between HSP 73 and HSP 72 levels and cellular
heat sensitivity of testis and bladder cells could be discerned.
Levels of HSP 27. however, did differ markedly between
CM If cub
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Fire 2 Representative Western blot showing constitutive
levels of HSPs in three testis (833K. GCT27 and GH) and three
bladder (HT1376. MGHU1 and RT1 12) cancer cell lines, grown
at 36-5°C. For each cell type. a volume of lysate corresponding
to 50 000 cells was separated by SDS-PAGE. using a 12.5%
resolving gel. HSPs were detected using monoclonal antibodies
and a peroxidase-labelled secondary antibody. For each
Western blot (a-d). the relative intensity of each band was
calculated in relation to the band with the lowest intensity.
the testis and bladder cancer cells. As indicated in Table I
and Figure 2d, when equal numbers of cells were analysed,
relatively large amounts of HSP 27 were detected in the
bladder cell lines. whereas no HSP 27 was detected in any of
the testis cell lines under the same blotting conditions. How-
ever, by increasing the blotting and exposure times. it was
possible to detect the low levels of HSP 27 in the testis
tumour cells (see Figure 5). The heat resistance of the blad-
der cells. therefore, may be related to their relatively high
expression of HSP 27. No clear correlation, however,
between levels of HSP 27 in the different bladder cell lines
and heat resistance is apparent. For example, RT112 (the
most heat-sensitive bladder cells) contain nearly twice as
much HSP 27 as HT1376 (the most heat-resistant bladder
cells), but four times as much as MGHU1, which are more
heat sensitive than HT1376.
Protein synthesis studies and quantitation ofHSP levels
follow ing heat shock
Cell survival following heat shock may be influenced not only
by constitutive levels of HSP. but also by the ability of the
cells to synthesise HSPs in response to stress. To investigate
if the differential heat sensitivity of testis and bladder cancer
cell lines is related to their ability to mount an induced heat
shock response. the effects of both equidose and equitoxic
heat shocks on accumulated levels of HSP 90, 73. 72 and 27
were measured in HT1376 and 833K (the most heat-resistant
and -sensitive cell lines respectively) by Western blotting.
Synthesis was measured by [3HJmethionine incorporation,
although HSP 27 synthesis could not be detected because it
contains little methionine and attempts to label this protein
with [3H]leucine and a 3H-labelled amino acid mix for 1 h
proved unsuccessful.
When 833K and HT1376 were subjected to a heat shock of
42'C for 20 mn. there was no detectable increase in the
synthesis of HSP 90. HSP 73 or HSP 72. Following a heat
shock of 42'C for 1 h. however, an increase in synthesis of all
three HSP was evident 0-1 h after the heat shock had
Table I Results of Western blotting experiments indicating relative levels of HSPs in testis and
bladder cancer cell lines
Testis Bladder
GCT27 GH 833K HT1376 MGHU'I RTJJ2
HSP9go 2.4 4.4 2.1 1.0 1.9 1.5
3.0 4.9 2.5 1.0 2.3 1.9
HSP 73 72 3.9 ± 0.3b 4.4 ± 0.5 16.8 ± 1.3 17.9 ± 1.8 3.8 ± 0.8 1.0
HSP 27 oc 0 0 2.6 ± 0.4b 1.0 4.5 ± 0.5
aRelative optical densities from two separate experiments. bMean ± standard deviation of the
relative optical densities from three separate experiments. cThe testis tumour cells express low
constitutive levels of HSP 27. but these are undetectable when blotting conditions within the linear
range for levels in bladder cancer cell lines are used.
833 K
C 1 3 5 7 9 13
1.1 1-2 1.2 1-1 1.1 1.1
HSP 90
HSP 73172
HSP 27
1.1 3.4 5.4 3.2 9.2 9.3
HT1376
C 1 3 5 7 9 13
1-3 1.2 1.2 1-1 1.2 0.9
1.1 1.3 12.1.2.1.2 .1
1.1 1.3 1.2 1.2 1.2 1.1
1.2 1.2 1.4 1.3 1.2 1.2
Figure 3 Western blot showing accumulated levels of HSPs in 833K and HT1376 at various times after a heat shock of 42'C
for 1 h. Cell lysates (50 000 cells) were separated by SDS-PAGE. using a 12.5% resolving gel. Numbers at the top of the
autoradiogram indicate the time (in hours) after heat shock that the lysate was prepared. Numbers underneath each signal
represent the fold increase in HSP levels above the control value (C). HSPs were detected using monoclonal antibodies and a
peroxidase-labelled secondary antibody.
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finished, and returned to control levels by 1-2 h (data not
shown). After two h at 42'C, HSP 73/72 synthesis was in-
creased for up to 2 h in HT1376 and for up to 3 h in 833K
(data not shown). Western blotting experiments (Figures 3
and 4) indicated that both heat shocks (i.e. 42°C for 1 h and
42'C for 2 h) increased HSP 90 levels only slightly in both
cell types. Similarly, in HT1376, HSP 73/72 and HSP 27
levels were increased only marginally, whereas in 833K HSP
73/72 levels exhibited moderate increases, while HSP 27
represented the most heat-inducible of the HSPs investigated
(Figures 3 and 4).
When 833K and HT1376 were heat shocked at 45°C for
15 min, the kinetics of HSP synthesis and decay was stronger
and similar in both cell types compared with responses
obtained above. For example, an increase in synthesis of
HSP 73/72 occurred for up to 3 h in both cell types. Western
blotting experiments, however (Figure 5), indicated a greater
increase in accumulated levels of this HSP in 833K compared
with HT1376, and HSP 27 in 833K represented the most
heat-inducible HSP. After 1 h at 45°C, an even stronger
response was obtained for both cell types (Figure 6a). Again,
despite the fact that HSP 73/72 synthesis occurs for longer in
the resistant bladder tumour cell line HT1376, Western blot-
ting experiments (Figure 6b) indicated that the heat-sensitive
testis tumour cell line 833K exhibited the greater increase in
accumulated levels of these HSPs. Also, as for all other heat
shocks, HSP 27 levels increased more in 833K than in
HT1376 (Figure 6b).
Thermotolerance
A priming heat shock of 42'C for 20 min, which has no effect
on CFE (Figure la), did not induce HSP synthesis or ther-
motolerance in either 833K (testis) or HT1376 (bladder) cells
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(data not shown). Increasing the exposure to 1 h. however,
which reduces CFE by 15% for 833K but has no effect on
that of HT1376 (Figure la), did induce thermotolerance in
both cell types. As indicated in Figure 7, although the peak
level of thermotolerance induced in both cell types is similar.
the onset of thermotolerance in HT1376 starts earlier, peaks
earlier and lasts longer. However, if the reduction in colony-
forming efficiency produced by the priming heat shock in
833K is also taken into account, the percentage increase in
survival induced in the testis cells is greater than that
observed in HT1376. The same pattern was observed when a
priming heat shock of 42'C for 2 h was used (data not
shown).
Dbnuss
In contrast to most other types of cancer, metastatic testis
tumours can be cured using cisplatin-based combination
chemotherapy. This differential sensitivity is retained in vitro,
indicating that it is due to biochemical differences inherent to
these cells (Walker et al., 1987; Masters et al., 1993). In this
study we have shown that testis tumour cells are also more
sensitive to heat. To study the molecular basis of this
differential sensitivity, we have explored the possibility that it
is related to the expression of heat shock proteins.
We investigated if the differential heat sensitivity of testis
and bladder cancer cells might be related to levels of cons-
titutively expressed HSP 90, 73, 72 and 27. There was no
correlation between constitutive levels of HSP 90. 73 or 72
and heat resistance. Levels of HSP 27. however, were much
lower in the testis tumour cells. The correlation between high
constitutive levels of this HSP and heat resistance in other
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Figure 4 Western blot showing accumulated levels of HSPs in 833K and HT1376 at various times after a heat shock of 42'C
for 2 h. Cell lysates (50 000 cells) were separated by SDS-PAGE, using a 12.5% resolving gel. Numbers at the top of the
autoradiogram indicate the time (in hours) after heat shock that the lysate was prepared. Numbers underneath each signal
represent the fold increase in HSP levels above the control value (C). HSPs were detected using monoclonal antibodies and a
peroxidase-labelled secondary antibody.
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Figure 5 Western blot indicating accumulated levels of HSPs in 833K and HT1376 at various times after a heat shock of 45°C
for 15 mn. Cell lysates (50 000 cells) were separated by SDS-PAGE, using a 12.5% resolving gel. Numbers at the top of the
autoradiogram indicate the time (in hours) after heat shock that the lysate was prepared. Numbers underneath each signal
represent the fold increase in HSP levels above the control value (C). HSPs were detected using monoclonal antibodies and a
peroxidase-labelled secondary antibody.
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Figure 6 Protein synthesis and accumulated levels of HSP in 833K and HT1376 at various times after a heat shock of 45°C for
1 h. (a) Autoradiogram showing protein synthesis. Newly synthesised proteins were labelled by incubating cells in
[35S]methionine for 1 h. Cell lysates (50 000 cells) were separated by SDS-PAGE, using a 12.5% resolving gel. Numbers at the
top of the autoradiogram indicate the time after heat shock that cells were labelled, i.e. 0 = 0-1 h, 1 = 1-2 h, 2 = 2-3 h. etc.
C = control, non-heat-shocked cells. Numbers on the left-hand side indicate the molecular weight of marker proteins in kDa. (b)
Western blot showing accumulated levels of HSPs for samples prepared in a. Cell lysates (50 000 cells) were separated by
SDS-PAGE, using a 12.5% resolving gel. Numbers at the top of the autoradiogram indicate the time (in hours) after heat shock
that the lysate was prepared. Numbers underneath each signal represent the fold increase in HSP levels above the control value
(C). HSPs were detected using monoclonal antibodies and a peroxidase-labelled secondary antibody.
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Figure 7 Induction of thermotolerance in 833K (0) and HT1376 (U), determined by clonogenic assay. Cells were subjected to
a priming heat treatment of 42-C for 1 h to induce heat shock protein production, returned to 36.5YC for various periods of
time, and then given a second heat shock of 45MC for 15 min (833K) or 45-C for 1 h (HT1376). The increase in colony-forming
efficiency of the cells given a priming heat treatment was compared with that of untreated controls. The survival of the control
cells is taken as 100% and thermotolerance is demonstrated by the percentage increase above the control value. Points represent
the mean of values obtained from three assays. All standard deviations were ± 13 or lower.
a
200
97.4-'
46-
21.5-'
14.3-'
b
9 13 25
.. -. ,- _- 4
m r- t OJ) F) N ao I-
N X' dq CflN _-Hog shock prodemn in cance cds
EH Richards etal
625
cells (Cretien and Landry, 1988: Landry et al., 1989; Crete
and Landry, 1990. Lavoie et al.. 1993) suggests that the
relatively low levels of constitutive HSP 27 in testis cells may
contribute to their differential sensitivity to heat, and perhaps
chemotherapeutic drugs. We are now testing this hypothesis
by overexpressing HSP 27 in testis tumour cells using an
expression vector containing the gene for HSP 27. There was
no correlation between HSP 27 levels and heat sensitivity in
the different bladder cell lines. This may indicate that a
critical level of HSP 27 is required, or that other factors
govern the relative resistance to heat and drugs of these cells.
When HSP synthesis in response to equitoxic heat shocks
is considered, the magnitude of the response produced by the
testis cells was less than that of the bladder cells, at least as
far as synthesis of HSP 73 72 and HSP 27 is concerned.
However, when the same (equidose) heat shock was given to
testis and bladder cancer cells, the stress response mounted
by 833K was similar to or greater than that of HT1376;
despite this, many more testis tumour cells die. These results
suggest that. although 833K can respond to a heat stress.
constitutive and induced HSP in 833K might be less capable
of protecting these cells from heat-induced damage than
those in HT1376. Thus, to measure the degree of protection
afforded by these HSP, we compared the ability of the cells
to develop thermotolerance. Both cell lines developed ther-
motolerance and the amount obtained was similar for both
cell types (Figure 7). This suggests that HSPs in heat-primed
testis cells are functionally similar to those in heat-primed
bladder cells.
Several studies have demonstrated a good correlation
between the development and decay of thermotolerance and
HSP synthesis (Lindquist and Craig. 1988; Hahn and Li.
1990; Li and Werb. 1990; Welch, 1990). The development of
thermotolerance (Figure 7) and the increase in accumulated
levels of any of the HSPs investigated (Western blotting
experiments: Figures 3 and 4) were not coincident. In both
cell types the maximum increase in levels of HSP 90. HSP
73 72 and HSP 27 occurred well before the peak in thermo-
tolerance. However, these findings do not preclude a role for
HSPs in the development of thermotolerance in these cells
since, as discussed by Kampinga (1993), the distribution.
concentration and localisation of HSPs to critical sites in the
cell may influence the acquisition of thermotolerance. To
investigate this possibility, we need to investigate the localisa-
tion of HSPs in these cell lines before and after heat shock.
In conclusion, our results suggest that constitutive HSP in
testis cancer cells do not protect these cells from the adverse
effects of a heat shock to the same extent as HSP in bladder
cancer cells. In view of the evidence indicating that HSP 70
(Li, 1985; Ciocca et al., 1992) and HSP 27 (Ciocca et al..
1992; Huot et al., 1990. 1991; Oesterreich et al.. 1993) cont-
ribute to drug resistance in some cells, it is tempting to
speculate that the low levels of HSP 27 in the testis cells
might also contribute to their drug sensitivity. We have
shown that a number of other factors might contribute to the
sensitivity of testis tumour cells. including DNA repair
capacity (Bedford et al., 1988) and topoisomerase II levels
(Fry et al.. 1991). We now plan to determine whether HSP 27
and these other pathways interact and their possible influence
on the response to chemotherapy of testis tumours in the
clinic.
Abbreviations
HSP. heat shock protein; SDS. sodium dodecylsulphate.
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